Lysozyme digestion and sonication of sodium dodecyl sulfate (SDS)-purified Klebsiella aerogenes murein sacculi resulted in the quantitative release of both subunits of nitrate reductase, as well as a number of other cytoplasmic membrane polypeptides (5.2%, by weight, of the total membrane proteins). Similar results were obtained after lysozyme digestion of SDS-prepared peptidoglycan fragments, which excluded the phenomenon of simple trapping of the polypeptides by the surrounding peptidoglycan matrix. About 28% of membranebound nitrate reductase appears to be tightly associated with the peptidoglycan. Additional evidence for this association was demonstrated by positive immunogold labeling of SDS-murein sacculi and thin sections of plasmolyzed bacteria. Qualitative amino acid analysis of (i) trypsin-treated sacculi, (ii) a tryptic product of holo-nitrate reductase, and (iii) amino-and carboxypeptidase digests of both nitrate reductase subunits indicated the possible existence of a terminal anchoring peptide containing the following amino acids: (Gly)n, Trp, Ser, Pro, Ile, Leu, Phe, Cys, Tyr, Asp, and Lys.
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The cell envelope components (cytoplasmic membrane, periplasm, peptidoglycan layer, and outer membrane) of Klebsiella aerogenes, as distinct from other gram-negative organisms, have not been well characterized. Although several methods currently available for the separation of the inner and outer membranes of gram-negative bacteria (4, 24, 25, 27, 41) and modifications thereof have been used, the cell envelope components of K. aerogenes persistently have resisted separation. Density equilibrium centrifugation of cell envelopes from lysozyme-prepared and subsequently osmotically lysed spheroplasts has revealed the presence of respiratory nitrate reductase, presumably a cytoplasmic transmembrane enzyme (37, 40) , in both cytoplasmic membrane and outer envelope-enriched fractions still containing peptidoglycan material (D. L. Knook, Ph.D. thesis, Free University, Amsterdam, The Netherlands, 1972). In contrast to spheroplasts of Escherichia coli (13, 14) , which expose most of the cytoplasmic membrane, the preparation of such spheroplasts from K. aerogenes has consistently been unsuccessful; only about 10% of the spheroplasts have the inner membrane accessible from the outside (40) . Electron micrographs of these preparations have shown that the outer membrane remains to a large extent present in these spheroplasts (40) . It generally surrounds the inner membrane quite loosely, but in some regions comes into close contact with the inner membrane (F. B. Wientjes, Ph.D. thesis, Free University, Amsterdam, The Netherlands, 1979). However, these contact areas are morphologically different from the so-called membrane adhesion sites, which are visible in E. coli upon plasmolysis (2, 3) . Since purified nitrate reductase subunits after sodium dodecyl sulfate (SDS)-gel electrophoresis still contain peptidoglycan material (e.g., hexosamines), and since about 20% of the polypeptide chains contain an unidentified N-terminal amino acid, which could be a derivative of diaminopimelic acid (Abraham and van't Riet, manuscript in preparation), we wanted to determine whether nitrate reductase is in some way associated with the * Corresponding author.
peptidoglycan of this organism. Respiratory nitrate reductase accounts for about 11% of the total envelope protein (inner plus outer membrane protein). In this paper we show that SDS-murein sacculi of K. aerogenes contain substantial amounts of immunochemically detectable nitrate reductase. The association of nitrate reductase with the peptidoglycan layer was further substantiated by the amino acid composition of trypsinized sacculi and by immunoelectron microscopy.
MATERIALS AND METHODS Organism. K. aerogenes strain S45 was grown in 3-liter batches under anaerobic conditions at 30°C in the presence of nitrate and was harvested in the mid log phase of growth. In this way bacteria with a high nitrate reductase content were obtained (36) . The cells from each batch were washed with 1/6 volume of 0.07 M potassium phosphate buffer (pH 7.2) containing 0.3 M sucrose (for removal of capsular polysaccharides [12] ) and 1 M KCl (presumably for removal of a large proportion of intracellular and extracellular proteases [26] ) and twice with distilled water, and the pellets were stored at -20°C under nitrogen.
Preparation of SDS-murein sacculi. A bacterial pellet containing approximately 600 mg of protein was thawed at 4°C, suspended to a volume of 26 ml in distilled water, and added dropwise to 26 ml of 8% (wt/vol) SDS (99% C12; Bio-Rad Laboratories) containing 2% (wt/vol) 3-mercapto-1,2-propanediol (thioglycerol; Serva) at 100°C with vigorous mechanical stirring at a speed of delivery so as to maintain a completely homogeneous solution. The viscous suspension was heated for an additional 10 min after addition of the last portion of the cell suspension, allowed to cool to 23°C, and made 100 mM EDTA to disaggregate high-molecular-weight lipopolysaccharide complexes (20) water, and stored as a 2.5-ml suspension at -70°C under nitrogen.
Preparation of peptidoglycan fragments. A thawed bacterial pellet (600 mg of protein) was suspended to a volume of 26 ml in 0.07 M potassium phosphate buffer (pH 7.2) containing 1 M KCl, lysed by sonication with a Branson Sonifier at maximum output at 0°C until no whole bacteria were visible, and centrifuged at 123,000 x g for 1 h at 4°C. The supernatant, containing cytoplasmic proteins, was thoroughly dialyzed against distilled water and freeze-dried. The brown membrane pellet was suspended in 26 ml of distilled water, and peptidoglycan fragments were prepared as described above for sacculi, except that centrifugation was at 160,000 x g for 1 h and the fragments were stored in 1.5 ml of distilled water at -70°C.
Preparation of CHAPS-Triton X-100 sacculi. A thawed bacterial pellet (600 mg of protein) was suspended to a volume of 26 ml in 0.07 M potassium phosphate buffer (pH 7.2). Lysozyme (Sigma Chemical Co.) was added to a final concentration of 2 ,ug/ml, DNase I (Sigma) was added to a final concentration of 0.5 mg/ml, and the suspension was stirred for 30 min at 230C (limited lysozyme digestion in order to slightly perforate the peptidoglycan network to facilitate penetration of DNase and escape of cytoplasmic contents). Solid 3-[(3 cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) (prepared as described by Hjelmeland [15] ) was added to a final concentration of 4% (wt/vol) and stirred at 4°C for 30 min. An equal volume of phosphate buffer containing 200 mM EDTA and 4% (wt/vol) Triton X-100 was then added, and stirring was continued for an additional 30 min. Centrifugation at 123,000 x g for 20 min at 4°C yielded translucent brown pellets, which were washed at least five times with distilled water, suspended in 2.5 ml of the same solution, and stored as described above.
Electrophoresis and immunoblotting procedures. SDS electrophoresis on polyacrylamide gradient slab gels (4 to 30 and 5 to 20% [wt/vol]) was performed as described previously (1) . Samples containing 10 to 20 ,ug of protein were generally loaded into 1% (wt/vol) agarose loading slots. After staining, the electrophoretically separated polypeptides were blotted (Western method) onto nitrocellulose by using the method of Vaessen et al. (34) . Nitrate reductase subunits were detected immunochemically by using anti-nitrate reductase serum and horseradish peroxidase-labeled goat anti-rabbit antibodies (10) . Antisera to holo-nitrate reductase and subunits, prepared as previously described (1, 40) , were used at 300-fold dilutions in the immunoblotting procedure.
Qualitative amino acid analysis of trypsinized, washed peptidoglycan fragments. Peptidoglycan fragments (1.46 mg of protein in 1.5 ml) in 20 mM Tris buffer (pH 7.4) containing 10 mM sodium acetate and 1 mM EDTA were treated with 1 mg of L-1-tosylamide-2 phenylethyl chloromethyl ketone trypsin (Sigma) for 2 h at 37°C, diluted to a volume of 5 ml with distilled water, and centrifuged at 123,000 x g for 1 h at 23°C. The pellet was washed twice with 1% (wt/vol) SDS in a total volume of 7.5 ml and five times with distilled water. The final glassy pellet was suspended in 250 p,l of distilled water and lyophilized in a hydrolysis tube. After addition of constant boiling 6 N HCl (Pierce Chemical Co.), the sample was hydrolyzed at 105°C for 6 h in vacuo. After lyophilization, the hydrolysate was labeled with 4-dimethylaminoazobenzene-4'-sulfonylchloride (22) , spotted onto polyamide sheets (5 by 5 cm; type A1700; Schleicher & Schuell, Inc.), and run in three dimensions against standard dabsyl amino acids for identification by thin-layer chromatography (9) . Electron microscopy. (i) Immunolabeling of thin sections. The bacteria were fixed by gradual dilution of 20 ml of culture with an equal volume of twice-concentrated fixation buffer (0.2 M sodium phosphate buffer, pH 7, 4% formaldehyde, 0.8% glutaraldehyde). After incubation for 15 min at room temperature, the fixed cells were suspended in small blocks of agar, dehydrated, and embedded in araldite. This procedure led to slightly plasmolyzed cells. In some experiments, the bacteria were more heavily plasmolyzed by the addition of sucrose (final concentration, 0.6 M) to the culture before fixation. Thin sections of the embedded material were cut with an LKB microtome. The sections were mounted on Formvar carbon-coated grids and were incubated for 30 min at room temperature with anti-nitrate reductase antiserum (100 times diluted in phosphate-buffered saline) containing 1% (wt/vol) bovine serum albumin and 0.1% (wt/vol) Tween 20. They were washed three times with this buffer and then incubated for 30 min at room temperature with colloidal gold particles coated with staphylococcal protein A (SpA-Au particles). After being washed, the sections were stained with uranyl acetate and viewed with a Philips model EM300 electron microscope. The colloidal gold was prepared by using a modified citrate method (11) and was conjugated to staphylococcal protein A and subsequently purified by the method of Slot and Geuze (33) to yield uniformly sized SpA-Au particles that were 12 to 13 mm in diameter.
Preimmune serum was used instead of the anti-nitrate reductase serum in the control experiments.
(ii) Immunolabeling of sacculi. Sacculi were prepared by boiling bacteria in SDS (see above) and washed three times with 10 mM Tris hydrochloride buffer (pH 7.4) containing 10 mM NaCl to remove all cytoplasmic material and SDS. A portion of the sacculi was prepared directly for electron microscopy by agar filtration (42) , and another portion was treated first with amylase (final concentration in the abovedescribed buffer, 100 p.g/ml; Serva) (incubation for 2 h at 37°C) and pronase (100 ,ug/ml; Serva) (2 h at 60°C) to remove all adhering material (8, 21) and was subsequently heated again in the presence of SDS, washed, and agar filtered. The agar-filtered sacculi were mounted on Formvar carboncoated grids and immunolabeled as described above.
Assays. Protein was assayed by the method of Kalb and Bernlohr (18) . Nitrate reductase was determined as described previously (35) .
RESULTS
Isolation and characterization of peptidoglycan. Sacculi prepared with SDS and CHAPS plus Triton X-100 are shown in Fig. 1 . This figure also shows SDS-peptidoglycan fragments prepared from the cell envelope fraction obtained from bacteria that were disrupted by sonication. The protein contents of these preparations are shown in Table 1 . CHAPS-Triton X-100 sacculi contained substantially more protein than SDS-murein sacculi or SDS-peptidoglycan fragments. The method used to prepare the SDS-murein sacculi by incubation at 100°C is generally assumed to remove all cytoplasmic and membrane proteins, as well as noncovalently bound peptidoglycan-associated proteins. The latter are supposed to be removed at temperatures of about 60°C and higher (23, 32) . Only those proteins covalently linked to the peptidoglycan layer, like the Braun lipoprotein (7), remain bound to the sacculi (23) . Contaminating proteins can be visualized by SDS-gel electrophoresis, since only noncovalently bound proteins migrate away from the peptidoglycan sacculi, which remain at the origin (29, 39) . As shown 2 , lane e).
in Fig. 2 , lane c, SDS gel electrophoresis released very little material from the sacculi, which appeared to be pure from this point of view. However, with the CHAPS-Triton X-100 sacculi numerous polypeptides were separated and moved into the gel (Fig. 2, lane h ). Like Triton X-100, CHAPS is a detergent (15) which leaves the tertiary and quaternary structures of proteins intact. Only after subsequent SDS treatment were the proteins dissociated into the constituting polypeptides, which, if not covalently linked to peptidoglycan, were released from the sacculi. Disruption of peptidoglycan. SDS-murein sacculi were disintegrated by sonication, which preferentially disrupts the peptide cross bridges between the glycan chains (38), or by lysozyme treatment, which hydrolyzes the glycan chains (38); in both cases many polypeptides were visible after SDS electrophoresis (Fig. 2, lanes d and e, respectively) . Therefore, these polypeptides were intimately associated with the SDS-murein sacculi and were set free upon disintegration of the peptidoglycan network. The band pattern of these proteins was the same as the pattern of envelope proteins (Fig.  3 , lane a) and did not resemble the pattern of cytoplasmic proteins (Fig. 2, Figure 3 , lane b, shows that upon SDS electrophoresis no proteins moved into the gel. However, after incubation with lysozyme several proteins were detached from the peptidoglycan and moved freely into the gel (Fig. 3 , lane c), with the lowermolecular-weight proteins dominating and apparently enriched compared with the original membrane fractions. The smallest polypeptide may in fact have been the K. aerogenes equivalent of the lipoprotein of Braun (7, 39) . The highermolecular-weight polypeptides were derived from the cytoplasmic membrane (Fig. 3, lanes a and c) , and the ot subunit of nitrate reductase was clearly visible. Immunoblotting (Fig. 3, lane d) (Fig. lb) (Fig. 4) . Thin sections of plasmolyzed K. aerogenes cells showed labeling of part of the oUter envelope, a.s well as the cytoplasmic membrane. In many cases, the label seemed to be associated with the cell wall (Fig. 4a) . With preimmtine serum, neither the periplasm nor the cytoplasmic miembrane showed any evidence of labeling (Fig. 4b) . Immunolabeling of SDS-murein sacculi also showed heavy staining with the SpA-Au particle probe (Fig. 4c) . In contrast, neither intact cells (data not shown) nor sacculi treated with amylase and pronase (Fig. 4d) showed any evidence of specific labeling.
This excluded the possibility of contaminat'ing antipeptidoglycan antibodies in the antiserum and again demonstrated the association of nitrate reductase with the peptidoglycan layer of K. aerogenes.
Amino acids in trypsinized peptidoglycan. In an attempt to elucidate the nature of the bindirng, at lea'st for nitrate reductase, the peptidoglycan fragments (Fig. lc) were digested 'With trypsin. After purification, the fragments werecompletely hydrolyzed and tested for the presence of amino acids by thin-layer chromatography. Figu're 5 shows that in addition to the amino acids normally present in the peptidoglycan and constituting the peptide cross bridges and side chains (e.g., Ala, Glu, and diaminopimelic acid), several other amino acids were present in lower ratios. The, amino acids found in the peptidoglycan were (GIY)nl, Trp, Ser, Pro, Leu, Ile, Phe, Cys, Tyr, Asp, and Lys. It is evident from Fig. 5that Gly is present in a higher ratio than the others. Exactly the same amino acids were found in a hydrophilic tryptic peptide from the holo-nitrate reductase and were the first to appear after aminopeptidase treatment as well as carboxypeptidase treatment of both the a and the a subunits of nitrate reductase (Abraham and van't Riet, in preparation). The results support the concept of a terminal peptide in K. aerogenes nitrate reductase subunits which is responsible for anchoring a portion of the holoenzyme to the peptidoglycan.
DISCUSSION
Little is known about the interactions of cytoplasmic membranes and peptidoglycan in gram-negative bacteria. Apart from the adhesion sites of Bayer et al. (2, 3) , which are not always detected (16), there is some evidence which suggests a connection between the two layers. Disconnection of the peptidoglycan-outer membrane complex and the cytoplasmic membrane occurred upon incubation of whole bacteria with traces of trypsin (7; R. W. H. Verwer, Ph.D. thesis, University of Amsterdam, Amsterdam, The Netherlands, 1979). To investigate the possible connection of cytoplasmic membrane proteins with the peptidoglycan of K. aerogenes, we followed the experimental rationale (see below) which exists for the interaction of outer membrane proteins and the peptidoglycan of gram-negative bacteria (see reference 23 for a review). In these bacteria a number of outer membrane proteins are associated with the peptidoglycan. About 30% of the Braun lipoprotein (6) is even covalently linked via its N-terminal Lys to the diaminopimelic acid in the peptide cross bridges of the peptidoglycan layer (17) and remains attached to SDS-murein sacculi prepared by boiling bacteria in SDS. Lysozyme treatment of these sacculi releases lipoprotein still containing one to eight peptidoglycan subunits (39) . The other peptidoglycanassociated outer membrane proteins are not covalently bound and are readily removed from the sacculi at 60°C in the presence of SDS (6) ated with the peptidoglycan by noncovalent interactions with the lipoprotein molecules (23 (19) and is functionally a cytoplasmic membrane enzyme, our results suggest that a significant number of nitrate reductase molecules were so strongly associated with the peptidoglycan that they were pulled away from the cytoplasmic membrane on plasmolysis and remained topologically with the outer envelope (Fig. 6) elicited some 8 to 10 amino acids which were the same as those found in purified murein sacculi after trypsin digestion. Gly was present in about a fivefold excess compared with the other amino acids. The murein sacculi additionally contained higher concentrations of Ala, Glu, and diaminopimelic acid, the common constituents of the peptide cross bridges in E. coli. If purified holo-nitrate reductase (from bacteria treated with lysozyme or sonicated or both [1, 35] ) is treated with trypsin (1), a hydrophilic peptide can be isolated, which, apart from Ala, Glu, and diaminopimelic acid, contains the same amino acids as those present in trypsinized SDSmurein sacculi. So it seems that this peptide, which may be an integral part or domain of the nitrate reductase subunits, plays a role in the covalent anchoring of the enzyme to the peptidoglycan. It remains to be established whether the periplasmically exposed, common antigenic groups of both subunits are equivalent to the anchoring peptide. Since the subunits of nitrate reductase both have a number of Gly residues in their termini, these may play a role in the linkage of nitrate reductase via the anchoring peptide to diaminopimelic acid or other amino acids of the peptide cross bridges. Pentaglycine bridges are known to be involved in some bacteria in the cross-linking of the peptidoglycan chains (28) .
At present it is not known whether the other membrane proteins liberated from peptidoglycan during sonication or lysozyme treatment are anchored via a similar peptide. If they are in much lower abundance in the membrane than nitrate reductase, their amino acids would not have been detected. Moreover, some of the bands observed in Fig. 2 , lanes d and e, may be breakdown products of the nitrate reductase subunits which have lost their antigenic properties (Abraham, unpublished data) . Very recently RodriguezTebar et al. (31) found some of the penicillin-binding proteins, which hitherto had been localized solely in the cytoplasmic membrane, in the outer envelope fraction of E. coli after sucrose density gradient centrifugation of membrane fragments. These results and our results indicate the possibility of strong associations of some cytoplasmic membrane proteins of gram-negative bacteria with the peptidoglycan layer.
The functional significance of peptidoglycan-imrnobilized cytoplasmic membrane proteins in gram-negative bacteria remains to be determined. It may be that the attachment of a portion of the inner membrane proteins to the murein is a prerequisite for the correct assembly and optimal spatial distribution of functional membrane protein complexes.
